Recently observed spectrum of P c states exhibits a strong link to Σ cD ( * ) thresholds. In spite of successful molecular interpretations, we still push forward to wonder whether there exist finer structures. Utilizing the effecitve lagrangians respecting heavy quark symmetry and chiral symmetry, as well as instantaneous Bethe-Salpeter equations, we investigate the Σ cD ( * ) interactions and three P c states. We confirm that P c (4312) and P c (4440) are good candidates of Σ cD and Σ cD * molecules with spin-1 2 , respectively. Unlike other molecular calculations, our results indicate P c (4457) signal might be a mixture of spin-3 2 and spin-1 2 Σ cD * molecules, where the latter one appears to be an excitation of P c (4440). Therefore we conclude that, confronting three LHCb P c signals, there may exist not three, but four molecular states.
I. INTRODUCTION
The study of exotic states, especially XYZ and pentaquarks, has became a hot topic in recent years. Benefit from upgraded τ-charm and b factories such BESIII, LHCb and Belle, large amount of tetraquark candidates, as well as two pentaquark candidates were observed. These findings indeed extend our knowledges about non-perturbative QCD. However, the properties and inner structures of the states are still in debate, see Refs. [1] [2] [3] [4] for reviews of experimental and theoretical status.
The great progress was made in 2015, when two pentaquark candidates P c (4380) and P c (4450) were reported by LHCb collaboration [5] . With an amplitude analysis, LHCb studied the process Λ b → J/ψK − p and observed them in J/ψp final states. Both resonances have to be fulfilled with minimal quark content ccuud, therefore they are good candidates of hidden-charm pentaquarks. Just after the discovery, different dynamics were applied to look into their nature: the molecular states of Σ cD ( * ) [6] [7] [8] , the compact pentaquark structures [9] [10] [11] [12] , the dynamical effects [13] [14] [15] , and etc. Till now, people have made tremendous effects to clarify their constituents and quantum numbers [1, 3] . Besides, some predictions have already made before the observations of the P c states [16, [18] [19] [20] 66] .
Recently, LHCb [21] re-examined the process Λ b → J/ψK − p with nine-times larger decay samples compared to Ref. [5] , and reveals a more sophisticated structure in J/ψp invariant mass spectrum than before: P c (4450) signal splits into two peaks P c (4440) and P c (4457), while a new pentaquark state P c (4312) shows up in the lower mass region. The parameters of these P + c states are collected in Tab. I. From Tab. I, we notice that the masses of P c (4440) and P c (4457) are slightly below Σ cD * threshold, while P c (4312) is quite close to Σ cD , therefore it is strongly believed that Σ cD ( * ) interactions are responsible for the enhancements in the J/ψp invariant spectrum. So far, a number of papers have came out to interpret the new results, which carry different opinions such as the molecular states , pentaquarks [44] [45] [46] [47] [48] [49] [50] , hadro-charmonium [51] , and etc.
As indicated above, Σ cD ( * ) molecular interpretations seem to be the most suitable option. Although many papers (such as Refs. [22, 35] ) have confirmed their molecular nature, it is still necessary to examine it from a different approach. Furthermore, the old P c (4450) splits into P c (4440) and P c (4457), so are there any chances that three P c states may have finer structures considering the complexity of threshold interaction?
To answer the question, we will study Σ cD ( * ) interactions and the three P c states. We first calculate the heavy-hadron interaction amplitudes within the chiral symmetry and heavy quark symmetry [61] [62] [63] [64] [65] [66] , then iterate the obtained interaction kernel into the Bethe-Salpeter equation (BSE) to explore the nature of the Σ cD ( * ) heavy-hadron systems. The Bethe-Salpeter (BS) methods adopted here have been successfully applied to investigate the properties of the meson systems, including the mass spectra, hadronic transitions and weak decays [52] [53] [54] [55] [56] [57] [58] [59] [60] , as well as the recent Ξ cc study [67] . Therefore extending to the meson-baryon molecular systems is quite natural.
Besides, in the BS framework, the relativistic effects and the mixing of the different partial waves can be automatically involved, in spite of some approximations.
It is worth mentioning that, to understand the near threshold phenomenas and resonance formations in a two-hadron system, a non-perturbative resummation is quite crucial. Such resummation has been considered in chiral dynamics of nucleon-nucleon systems [68] [69] [70] and heavy meson systems [71] , as well as the phenomenological studies of molecular states and XYZ exotics (see reviews [1, 2] ). A nonperturbative resummation is to partially summit interactions to all order, which can be achieved by a proper iterating equation such as the LippmannSchwinger equation, the Bethe-Salpeter equation and etc. However, the studies mentioned above take simplified or non-relativistic equations. Therefore, in this article we also want to focus on the BS equation itself to push forward the resummation method.
In the present work, we will study P c (4312), P c (4440) and P c (4457) states by investigating Σ cD ( * ) interactions. First, we adopt the effective Lagrangians with the heavy quark symmetry and chiral symmetry to calculate the transition amplitudes of the Σ cD ( * ) interactions. Then, we iterate them into the instantaneous Bethe-Salpeter equation, and look for the bound state solutions. With careful studies of the meson-baryon interactions, we hope that the natures of three P c states, which are astonishingly close to the corresponding thresholds, can be answered. One notice that there exists similar works with different approximations: Refs. [24, 72] studied P c (4312), P c (4440) and P c (4457) with a quasipotential Bethe-Salpeter equation approach; Ref. [73] stduied one of three P c states P c (4312) with the Bethe-Salpeter equation.
This work is organized as follows. After introduction, we introduce the effective lagrangians, and present the calculated interaction kernels (Sec. II). In Sec. III, we exhibit the Bethe-Salpeter equations for Σ cD ( * ) interactions. In Sec. IV numerical results and some discussions are presented. Sec. V denotes to a brief summary and conclusion of this work.
II. LAGRANGIANS AND Σ cD ( * ) INTERACTION KERNELS
To study the Σ cD ( * ) interactions later, we illustrate the corresponding lagrangians first. The interaction between a Swave heavy-light meson and a light pseudoscalar meson reads [61] [62] [63] [64] 
In the above, H c field represents the (D,D * ) doublet in the heavy quark limit
(2) v = (1, 0, 0, 0) stands for the 4-velocity of the H field. The axial vector field u is expressed as
Similarly, the interactions between heavy-light and lightvector (-scalar) mesons read [64, 66] 
where
The interactions between S -wave heavy baryon and light mesons are [63, 65, 66] 
Here, S ab µ is composed of Dirac spinor operators
We consider two isospin channels (I = 1 2 , 3 2 ) of Σ cD ( * ) in our work, which contain eigenstates:
With preparations above, we are able to calculate the interaction kernels which will be iterated into the instantaneous Bethe-Salpeter equation later. These kernels represent treelevel one-meson-exchange diagrams, including σ, π, η, ρ and ω exchanges.
The calculated interaction kernel for Σ cD is expressed as
where F(s 2 ⊥ ) denotes the form factor for the interaction vertexes.
In the following, we specify the g S , S , g, g 1 , β, β S , λ and λ S (in Eqs. (1), (4), (5) and (8)
and ρ T 2 respectively, for convenience. For I = 1 2 , potentials V 1 and V 2 read
For I = 3 2 , V 1 and V 2 are
In the above, E φ = s 2 + m φ denotes the energy of the exchanged meson, with φ = σ, η, ρ, or ω. Notice that in the Σ cD interaction, only σ and ρ(ω) exchanges contribute. The interaction kernel for Σ cD * is written by
For the isospin-1 2 states, we have potentials
For the isospin-3 2 states,
III. THE BETHE-SALPETER EQUATIONS OF THE Σ cD ( * )
SYSTEMS
In this part, we further study the Bethe-Salpeter formalism of the meson-baryon system Σ cD ( * ) . Considering J P = 1 − or 0 − forD ( * ) and J P = 1 2 + for Σ c , the corresponding Bethe-Salpeter equations and BS wave functions can be obtained. The Bethe-Salpeter equation for a meson-baryon system is schematically depicted in Fig. 1 , which is written by
where Γ(P, q, r) denotes the pentaquark (refered as P c below) vertex carrying total momentum P, inner relative momentum q, and spin state r. Here we have on-shell condition P 2 = M 2 , with M the P c mass. The inner relative momenta q and k are defined as
with α 1(2) ≡ 
is the free propagator of the baryon, while the propagator D αβ (for the J P = 1 − meson) reads
We define a four-dimensional BS wave function and a three-dimensional Salpeter wave function below:
where q P = q·v and q ⊥ = q − q P v. Performing the contour integral over q P on both sides of Eq. (30) (see appendixA for details), we obtain the Salpeter equation (SE),
In the above, ω i = M 2 i − p 2 i⊥ with i = 1, 2 stands for the kinematic energy of the constituent meson or baryon. We also have the projector operators, 
We further split ϕ into a positive and a negative energy wave functions:
Notice in the weak binding condition M ∼ (ω 1 + ω 2 ), we have ϕ + ϕ − , i.e. the positive energy wave function ϕ + (q ⊥ ) dominates. Combined with Eq. (34), the SE of Σ cD * system can be further simplified to a "Shrödinger-like" equation:
with Γ β (q ⊥ ) the integral of Salpeter wave function and the kernel,
Notice that the interaction kernel K(s ⊥ ) is assumed to be instantaneous, thus has no dependence on the time component of the momentum transfer s = (k − q). Let us focus on the three-dimensional BSE (35) . We can see that, the Salpeter wave function ϕ α (q ⊥ ) in Eq. (32) is just transformed to an integral-type eigenvalue equation. In Eq. (35), the first term of the right side, which is determined by Dirac Hamiltonian H, stands for the kinetic energy. The second term contains the interaction kernel K, therefore represents the potential energy.
In general, the normalization of a BS wave function is expressed as 
where I αβ (P, q, k) =(2π) 2 δ 4 (k − q)S −1 (p 2 )D −1αβ (p 1 )
In the above, we have the inverse of the vector propagator
as well as the identity ϑ αβ d βγ = δ α γ . As mentioned before, the interaction kernel is assumed to be no dependence on P 0 and q P , namely, K αβ (P, k, q) K αβ (s ⊥ ), therefore the normalization would only involve the term related to two inversed propagators. After some deduction, Eq. (37) can be further simplified to
which is just the normalization condition of Salpeter equation (31) .
Similarly, the Bethe-Salpeter equation for Σ cD system reads
where Γ(P, q, r) denotes P c vertex. The BS wave function ψ and related Salpeter wave function ϕ are also defined as ψ(P, q) = S (k 2 )Γ(P, q, r)D(q 1 ),
Performing the contour integral on q P over both sides of Eq. (41), we obtain the Salpeter equation
with
Applying the same strategy above, we obtain the normalization of ϕ:
C. The constructions of the Salpeter wave functions and further reductions
We first turn to Σ c ( 1 2 + )D(0 − ) system. Accounting the spinparity and the Lorentz structures, the Salpeter wave function (J P = 1 2 − ) can be constructed as
where f 1(2) (| q |) only depends on | q |.
It is worth mention that, the wave function above can be rewritten in terms of the spherical harmonics Y m l :
where C 0 = 2 √ π and C 1 = 1
. Therefore it is quite obvious that f 1 and f 2 represent S -and P-wave components, respectively.
By inserting the wave function into Eq. (45), we obtain the normalization
The 1 can be written as
whereq ⊥α = q ⊥α | q | , u(P, r) represents the Dirac spinor carrying momentum P and spin state r. Notice that the radial wave function g i (| q |) (i = 1, · · · , 4) only depends on | q |. It is clear that g 1 corresponds to S wave, g 2(3) belongs to P wave, and g 4 contributes both to S and D partial waves (see Ref. [67] for a further reading about different partial waves in terms of the spherical harmonics Y m l ). Inserting Eq. (49) into Eq. (39), we obtain following normalization condition
where c = −q 2 /ω 2 1 , 
In Eq. (51), u β (P, r) is a Rarita-Schwinger spinor with polarization r = ± 3 2 , ± 1 2 . Note that the constructed Salpeter wave functions (49) , (51) fulfills the condition P α ϕ α = 0.
The normalization of Eq. (51) is calculated to be
where the following completeness relation [74] has been used: r u α (P, r)ū β (P, r)
With above preparations, we are ready to transform Eqs. (35) and (43) into a set of coupled eigenvalue equations. For example, inserting the Salpeter wave function (46) into Eq. (43), we obtain
After eliminating the spinor as well as projecting out the radial wave function, we obtain two coupled eigenvalue equations for Σ cD system
where R 22 = −R 11 = m 2 (ω 1 + ω 2 )/ω 2 , R 12 = R 21 = q(ω 1 + ω 2 )/ω 2 . Here, the eigenvalue M is just P c mass. Solving these equations numerically, the corresponding mass spectra and wave functions can be obtained. By inserting Eqs. (49) and (51) into Eq. (35), we can also work out the coupled eigenvalue equations for Σ cD * system with J P = 1 2 − , 3 2 − .
IV. NUMERICAL RESULTS AND DECODING THREE P c STATES
In order to perform the numerical calculations, we first specify the values of the parameters used in this work [6, 22, 24, 66, 75] :
We apply a monopole form factor in our work:
where Λ is a parameter that characterizes the shape of the form factor, and usually set to the energy scale of the meson exchange. In our case, Λ = 0.12 GeV for Σ cD * and 0.18 GeV for Σ cD . Notice that in the limit s 2 → 0, the heavy hadrons are treated as free and point-like particles, therefore the form factor is normalized to 1 at s 2 → 0.
First, we illustrate the results of the potential V i and κ i with I = 1 2 appearing in Eqs. (14) and (19) . Their s (transferred momentum) dependences are depicted in Fig. 2 . The isospin-1 2 potentials V i · F 2 (i = 1, 2) and κ n · F 2 (n = 1, · · · , 4) for ΣD and Σ cD * , respectively.
After solving the relevant eigenvalue equations, we find bound state solutions for I = 1 2 Σ cD ( * ) systems. The obtained mass spectra and corresponding binding energy are listed in Tab. II. To see the sensitivities of the calculations, we also vary Λ by ±5% as uncertainties.
For Σ cD , with the reasonable parameter Λ the mass of experimental P c (4312) can be well reproduced, i.e., we obtain thing is, it has mass M = 4.456 GeV, which is located right at P c (4457) mass region. Therefore we speculate that P c (4457) signal discovered by LHCb may contain two overlapped signals: spin-1 2 one and spin-3 2 one. We now refer the spin-1 2 signal as P c (4457). In a word, we totally determine four Σ cD ( * ) molecular states: P c (4312), P c (4440), P c (4457) and P c (4457), where the last two are mixed as observed signal in J/ψp mass spectrum [21] .
The BS wave functions of P c (4312), P c (4440), P c (4457) and P c (4457) are displayed in Fig. 3 . We can see that, f 2 is dominant in P c (4312)'s wave function, while g 2 is quite prominent in the wave functions of P c (4440) and P c (4457). In general, we observe that the wave functions of the P c states are mixtures of S , P, D waves and even radial exited components. Notice that in our framework, there only exists limited number (four in our case) of bound states. P c (4457) predicted in our work is mainly a first radial excitation, which means it has a similar property comparing to P c (4440). Furthermore the mass gap between P c (4440) and P c (4457) are just ∼ 17 MeV, we believe their widths are quite close. However, as a radial excitation, we prefer a smaller production ratio of P c (4457), therefore it is reasonable that LHCb can describe 4457 MeV peak now without additional P c (4457).
Indeed, with the limited informations in [21] we can not trace P c (4457) for now. We expect that LHCb can further investigate quantum numbers and more decay channels, as well as add P c (4457) in their amplitude analysis, to justify our predictions. For example, LHCb can include only spin- 1 2 or both spin- 3 2 and spin-1 2 at 4457 Mev for comparing. On the other hand, for providing more useful and specific informations, we will theoretically investigate the decay properties and produc-tion mechanism in future work.
In addition, we did not find any I = 3 2 partners of the Σ cD ( * ) systems.
V. SUMMARY
Recently, LHCb re-examined the process Λ b → J/ψK − p, and discovered three P c pentaquarks: P c (4312), P c (4440) and P c (4457) [21] . Although their molecular nature has been confirmed by many papers, we still think there may emerge interesting structures among three P c signals considering the experience that old P c (4450) splits into P c (4440) and P c (4457).
Benefited from the effective lagrangians respecting the chiral and heavy quark symmetry, as well as the instantaneous Bethe-Salpeter equation, we investigate Σ cD ( * ) interactions and observed P c signals. First, we calculate the Σ cD ( * ) interaction amplitudes according to the effective lagrangians, and study the behaviors of the potentials (Fig. 2) . Then, we study the BS formalism of the Σ cD ( * ) system, iterate former interactions into the BS equations. Finally, we obtain molecular solutions as well as their BS wave functions (Fig. 3) .
Our calculations show that, P c (4312) can be treated as I = In a word, we totally determine four molecular states P c (4312), P c (4440), P c (4457) and P c (4457), which matches to three LHCb signals. We speculate the existence of the additional excitation (P c (4457)) is necessary, because the relatively large excitation space of ground P c (4440). Also, P c (4457) has very similar decay property with P c (4440).
Moreover, we did not support any existences of corresponding isospin- 3 2 molecular solutions in our calculations. We expect LHCb can perform amplitude analysis with more data samples, as well as search for other decay channels, to separate two states in 4457 MeV signal region. We hope our conclusions can be testified in the future.
where ζ ± 2 = α 2 M ∓ ω 2 , ζ + 1 = −α 1 M ± ω 1 . Inserting above expressions into Eq. (30), then performing the contour integral over q P , we obtain the three-dimensional Salpeter equation (32) . Utilizing ϕ ± α defined in Eq. (34), the equation further reduces two coupled equations:
which can otherwise be simplified to Eq. (35) . The BS vertex can also be expressed by the Salpeter wave function as Γ α (P, q) = S −1 (p 2 )D −1 (p 1 )ϑ αβ ψ β (P, q). 
